Observational and clinical studies suggest that high protein intake, particularly protein from plant sources, might reduce blood pressure (BP). To examine the association of dietary protein with BP, we analysed data from PREMIER, an 18-month clinical trial (n ¼ 810) that examined the effects of two multi-component lifestyle modifications on BP. We examined the association of protein intake with BP, and in particular the independent relationship of plant and animal protein with BP. Multivariable linear regression analyses were performed with both cross-sectional and longitudinal data. Dietary plant protein was inversely associated with both systolic and diastolic BP in cross-sectional analyses at the 6-month follow-up (P ¼ 0.0045 and 0.0096, respectively). Fruit and vegetable intake was also inversely associated with both systolic and diastolic BP cross-sectionally at 6 months (P ¼ 0.0003 and 0.0157, respectively). In longitudinal analyses, a high intake of plant protein at 6 months was marginally associated with a reduction of both systolic and diastolic BP from baseline to 6 months only (P ¼ 0.0797 and 0.0866, respectively), independent of change in body weight and waist circumference. Furthermore, increased intake of plant protein, and fruits and vegetables was significantly associated with a lower risk of hypertension at 6 but not at 18 months. Results of this study indicate that plant protein had a beneficial effect on BP and was associated with a lower risk of hypertension at 6 months. Our data, in conjunction with other research, suggest that an increased intake of plant protein may be useful as a means to prevent and treat hypertension.
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Introduction
Many earlier studies, mainly observational, have shown an inverse relationship between total dietary protein intake and blood pressure (BP). 1 This inverse association is also found in more recent studies. [2] [3] [4] However, results have been mixed when animal and plant proteins were examined separately. Cross-sectional studies conducted in rural Japanese 5, 6 and Chinese 7, 8 populations only found an inverse relationship between animal protein and BP, based on ratios of urinary excretions of sulphate and other animal protein-related amino acids. On the contrary, cohort studies 9, 10 conducted in the United States have shown an inverse association between annual change in systolic BP and baseline intakes of plant protein but not animal protein, as assessed by diet history.
Recent evidence from randomized controlled trials suggests that an increased intake of protein, from both plant and animal sources, may lower BP and thus potentially reduce the risk of cardiovascular disease. [11] [12] [13] [14] [15] However, it is unclear whether plant and animal proteins have different effects on BP.
PREMIER was a randomized clinical trial designed to compare the impact of two multi-component lifestyle modification programs on BP. The PREMIER study data provided an excellent opportunity to examine, in a clinical trial setting, the association of dietary protein intake with BP, and the independent relationship of animal and plant protein with BP in particular.
Methods

Study design
The present study is a secondary analysis using data from the PREMIER trial. The details of the PREMIER study design, eligibility criteria of participants, intervention and primary outcomes have been described elsewhere. 16, 17 In brief, PREMIER was an 18-month, multi-centre, three-group randomized clinical trial designed to determine the effect of two multi-component lifestyle interventions on BP for individuals who met the Joint National Committee on Prevention, Detection, and Treatment of High Blood Pressure 18 criteria for a 6-12 month trial of non-pharmacological therapy (that is, individuals who were not taking antihypertensive medications and had a systolic BP of 120-159 mm Hg and/or diastolic BP of 80-95 mm Hg). The diagnosis of hypertension was made when the average of two or more diastolic BP measurements on at least two separate visits was X90 mm Hg or when the average of multiple systolic BP readings on two or more separate visits was consistently X140 mm Hg, according to the Joint National Committee on Prevention, Detection, and Treatment of High Blood Pressure. Figure 1 shows a summary of the flow and design of the study.
Interventions. The two multi-component 18-month interventions were (1) a behavioral lifestyle intervention (established recommendation, EST) designed to help participants follow long established recommendations on BP control: losing weight if overweight, reducing sodium intake, increasing physical activity and limiting alcohol intake, and (2) a behavioral lifestyle intervention combining the established recommendations plus the DASH (the Dietary Approaches to Stop Hypertension) eating plan (EST þ DASH). The goals of the DASH eating plan included increasing intake of fruits, vegetables and low-fat dairy products, and reducing intakes of saturated and total fats. Both interventions provided a total of 14 group sessions and four individual sessions during the first 6 months of the study and then monthly group sessions for the last 12 months. The third randomized group, termed 'advice only', was the control group, in which individuals received a 30-min advice session immediately after randomization and again after the 6-month data collection.
Measurements. All data used for the present study were collected during the trial including dietary intake, anthropometric measurements, energy expenditure, laboratory assays and medical The relationship between dietary protein intake and blood pressure YF Wang et al assessments at baseline, 6 and 18 months. Staff members involved in follow-up data collection were blinded to treatment assignment. Intervention staff members were blinded to all outcome data during the entire study. Per cent of participants lost to follow-up was similar across the three treatment groups, approximately 11, 13 and 12% for the control, EST and EST þ DASH groups, respectively. Blood pressure measurements were obtained by centrally trained and certified individuals who used a random zero sphygmomanometer following a standard protocol. At each visit, two BP measurements separated by at least 30 s were obtained. At each assessment time point, BP data were the mean of all available measurements: eight BP measurements across four visits at baseline and six BP measurements across three visits at 6 months and again at 18 months.
Dietary intake of food and nutrients was obtained on a different day from biomarker collection, using an unannounced 24-h recall method. Two recalls, one on a weekday and the other on a weekend day, were obtained at baseline, 6 and 18 months by the Diet Assessment Center of Pennsylvania State University. Trained and certified staff conducted recalls over the phone and data were entered directly into a computer.
Nutrient and food group intake was then respectively calculated using the Nutrition Data System for Research software (version NDS-R, 1998) developed by the Nutrition Coordinating Center, University of Minnesota, Minneapolis, MN. Biomarkers of dietary intake including 24-h urinary excretion of sodium (reflecting salt intake), potassium (reflecting fruit and vegetable intake), phosphorus (reflecting dairy intake) and urea nitrogen (reflecting protein intake) were also assessed. Information on dietary fat intake was collected in two parts: fat as a macronutrient ('as nutrient') from all food intakes that was expressed in g day À1 and 'fat serving' as a food group including butter and oil.
A 7-day interviewer-administered physical activity recall was used to assess energy expenditure from physical activity. 19 Alcohol intake was obtained from a questionnaire.
Statistical analysis
Statistical analysis for this report was conducted by investigators at Duke University Medical Center. Only participants who had at least one diet recall at each time period were included in the analysis. In addition, missing was treated by the default design of the General Linear Model in SAS, that is, a participant's data are excluded when it is missing one or more of variables listed in the model. For analyses in this report, the three treatment groups were combined to allow better estimation of and more efficient inferences on parameters of interest. Treatment group indicators, however, were always included in the regression model as independent variables. Energy intake was also adjusted in all statistical models by calculating protein and fat intake as per cent of total calories (% kcal) and other nutrient intakes as g per 1000 kcal per day (or mg per 1000 kcal per day).
Paired t-tests were first performed to examine the differences in protein intake and covariates between baseline and 6 months and between baseline and 18 months of follow-up. Multivariable linear regression was then performed both cross-sectionally at all the three time points and longitudinally from baseline to 6 and 18 months, respectively. Mean systolic and diastolic BP measurements were the outcome variables for cross-sectional analyses, and the changes of BP from baseline to 6 and 18 months of follow-up were the outcome variables for the longitudinal analyses. The independent variables included the mean values (for cross-sectional analyses) and the mean change values (for longitudinal analyses) of dietary intake of protein, including total plant and animal proteins. Three models were examined cross-sectionally at each time point. The first two models included nutrients that might be related to BP control (intake of total protein, total fat, dietary fibre, calcium and potassium in model 1 and then total protein was separated into plant and animal proteins in model 2). The third model included major food groups only. The following covariates were always included in each regression model unless indicated baseline characteristics including age, gender, race, treatment groups, study site, education, income and BP. Further, alcohol intake, physical activity, waist circumference, urinary creatinine and sodium at 6 or 18 months were included in all the 6-or 18-month models, respectively.
Longitudinal analyses were also performed by examining the association between the changes of BP and changes of dietary protein intakes between baseline and 6 months. In addition, a separate model was analysed to assess the association between baseline intakes of nutrients, including protein, with 18-month BP. All longitudinal models were controlled for the baseline values of the outcome variable in the respective multivariable regression analyses.
Logistic regression was also performed to examine the association of hypertension status (presence/ absence) with various nutrient and food intake variables at each time point separately. All analyses were conducted using SAS statistical software (version 9.0, SAS Institute, Cary, NC, USA). As this secondary analysis is of exploratory nature, no multiple comparison adjustments were made, and a P-value of less than 0.05 was considered statistically significant. Table 1 shows the baseline characteristics for all study participants. A total of 810 individuals participated in the study with 62% female participants and a mean age of 50.0 years, ranging from 25 to 79 years. Most of them were non-Hispanic white whereas 34% were African American. Mean body mass index was 33.1 kg m À2 (range 21-48 kg m À2 ), and mean waist circumference was 107.6 cm (range 69.9-151.3 cm). Mean systolic and diastolic BPs were 135 (range 116-161) and 85 mm Hg (range 74-98), respectively, at baseline. A majority of the participants had at least a college education (91%) and were non-smokers (87%). More detailed description of the characteristics of the participants have been published elsewhere.
Results
17 Table 2 presents descriptive statistics on the outcome variables as well as various food and nutrient variables measured at baseline, and their changes at 6 and 18 months. Systolic and diastolic BP, body weight and waist circumference significantly decreased, and physical activity significantly increased at 6 and 18 months when compared with baseline levels (all Po0.0001). Mean total caloric intake of all participants (overall across all three groups) decreased from 1939 to 1713 kcal day À1 at 6 months (Po0.0001) and to 1705 kcal day À1 at 18 months (Po0.0001) (data not presented in table). Dietary intake of the following food components increased significantly from baseline to 6 months and from baseline to 18 months (all Po0.0001): total protein (6 months: þ 1.5%, 18 months: þ 1.7%), animal protein ( þ 1.0, þ 1.3%), plant protein ( þ 0.4, þ 0.4%), fibre ( þ 2.3 g per 100 kcal per day, þ 2.2 g per 1000 kcal per day), fruits and vegetables ( þ 1.3 serving, þ 1.1 serving), dairy foods ( þ 0.2 serving, þ 0.1 serving), calcium ( þ 71.3 mg per 1000 kcal per day, þ 79.4 mg per 1000 kcal per day) and potassium ( þ 337.7 mg per 1000 kcal per day, þ 289.1 mg per 1000 kcal per day). Intake of fat serving and total fat reduced at both time points by about 1.1-1.3 servings and À4.2 and À3.4% kcal, respectively, as compared to baseline (both Po0.0001). Alcohol intake appeared to be stable over the course of study whereas meat consumption decreased about 0.3 serving per day but did not reach statistical significance. The urinary sodium reduced at both 6 and 18 months by 643.1 mg per 24 h and 370.4 mg per 24 h, respectively (all Po0.0001).
On the basis of the cross-sectional analyses, no association was found between baseline total protein intake and baseline BP (all P40.05), nor between 18-month total protein intake and 18-month BP (6-month results shown in Table 3 model 1) . However, when total protein was separated into plant and animal proteins (model 2), plant protein intake showed a strong inverse association with both systolic (P ¼ 0.0045) and diastolic BP (P ¼ 0.0096) after adjusting for all covariates and intakes of fat, fibre, calcium and potassium. Fruit/ vegetable intake was inversely associated with systolic BP (P ¼ 0.0003) and diastolic BP (P ¼ 0.0157) after controlling for all the covariates and intakes of dairy, meat and fat at 6 months (model 3). Total calorie was adjusted in all models by expressing nutrient intake as either % of total calorie (fat and protein) or g per 1000 kcal per day (alcohol, fibre) or mg per 1000 kcal per day (calcium, potassium). At 18 months, none of the above significant associations sustained and results were not presented in Table 3 .
Change in plant protein intake from baseline to 6 months was inversely associated with change in systolic BP (P ¼ 0.0486) but not with change in diastolic BP (P ¼ 0.0759) ( Table 4 , model 1). Both associations weakened after including waist circumference in the model (Table 4 , model 2; systolic BP: P ¼ 0.0797, diastolic BP: P ¼ 0.0866). At 18 months, the association between change in plant protein intake and change in BP was not statistically significant (Table 4 , model 3).
Multiple logistic regression analysis was performed to examine the risk of hypertension with dietary intake adjusting for the same covariates as in the cross-sectional regression models. All participants, regardless if they were considered hypertensive or not at baseline, were included in this analysis. Plant protein intake was found to be significantly and inversely associated with the risk of hypertension at 6 months (Table 5 , model 1), without adjusting for dietary fibre intake. The odds of having hypertension were 25% lower with every 
Discussion
In most but not all of our analyses, a higher intake of plant protein was associated with lower BP in individuals with pre-hypertension or stage 1 hypertension. We discovered a significant inverse association between plant protein intake and both systolic and diastolic BP at 6 months cross-sectionally. In addition, change in plant protein intake was inversely associated with change in systolic BP at 6 months in one of the models examined but the association reduced to a nonsignificant level at 18 months. In separate regression models, fruit and vegetable intake was inversely associated with systolic BP at 6 months only. No significant association was found between total or animal protein and BP at any time point. Our findings are consistent with previous studies that showed an inverse relationship between plant protein and BP. The Chicago Western Electric Study, 9 a longitudinal epidemiological study with a 9-year follow-up, reported that baseline dietary plant protein was inversely associated with annual change in systolic BP in men. A recent crosssectional study with 4680 participants also reported that plant protein intake, but not animal protein intake, was inversely associated with hypertension. 4 This study also indicated that subjects with the highest vegetable protein/lowest animal protein consumption had mean reductions in systolic and diastolic BP that were 4.15 and 2.15 mm Hg, respectively, lower than those for subjects in the lowest vegetable/highest animal protein consumption group.
It is unclear why our results did not support an inverse relationship between total protein intake and BP as reported by many previous studies. [20] [21] [22] Intake of total protein and fibre was reported to have significant additive effects in lowering 24-h and All results are controlled for age, gender, race, treatment, study site, education, income, baseline blood pressure and changes of alcohol intake, physical activity, waist circumference, urinary creatinine, sodium excretion, body weight and dietary intake of calcium, and potassium at 6 or 18 months, respectively. All dietary intake variables are either as per cent of calories (protein and fat intake) or as g per 1000 kcal per day (alcohol, fibre), mg per 1000 kcal per day (calcium and potassium).
awake systolic BP in hypertensive subjects. 13 The Intersalt Study, a large cross-sectional international study with 10 020 men and women aged 20-59 years from 54 population-based samples in 32 countries worldwide, also demonstrated that total dietary protein intake had an inverse relationship with BP. 23 Similarly, Liu et al. 22 concluded in a metaanalysis report that the inverse association between dietary protein intake and BP was quite convincing in nine population-based cross-sectional studies. In addition, the inverse relationship between total protein intake and BP was further supported by two large controlled feeding trials.
14 In the original DASH study, a dietary pattern that was higher in total protein content than the control diet (17.9 vs 13.8% of energy) and rich in vegetable, fruit and dairy content significantly lowered BP.
11
The OmniHeart Randomized Trial 14 showed that a diet that substituted carbohydrate with protein, mostly from plant sources, or with monounsaturated fat can further lower BP, improve lipid levels and reduce estimated cardiovascular risk.
Although the exact mechanism(s) linking plant or total protein to BP is still unclear, possible explanations exist. First, an increase in protein intake may increase plasma amino acids that may directly influence proximal sodium reabsorption or alter cell permeability and subsequently increase renal plasma flow, renal size and glomerular filtration rate. [24] [25] [26] [27] Second, the amino acid arginine may act as a vasodilator through nitric oxide and contribute to BP lowering. 28 Plant foods including soy products, nuts, seeds and certain whole grains like oats are all good sources of arginine but so are animal foods such as animal meats, seafood, dairy products and eggs. Third, plant protein may serve as a surrogate marker for intake of other nutrients or food components that were not identified in our study and that may benefit BP control.
Soy protein and isoflavone have been suggested to be beneficial for BP control. Several randomized trials have shown that supplementation of soy protein significantly reduced BP. 12, [29] [30] [31] As the soy protein or isoflavone contents in the diets of the current study participants were unavailable, we cannot determine if these dietary factors accounted for our observed relationship between plant protein intake and BP.
The lack of a significant relationship between animal protein intake and BP in our study is not consistent with some studies; 5, 7, 8, 25 however, this is not totally unexpected. Previous studies that have reported an inverse relationship between animal protein intake and BP have mainly been conducted in Japan and China where animal protein intake was relatively low. 5, 7, 8 Zhou et al. 7 found an inverse association of dietary animal protein intake with BP in a rural population of China in 1989. The followup study with a sample of 705 men and women in 1994 confirmed their previous finding. 8 He et al.
25
also reported an inverse association of animal protein, but not plant protein, with BP in another sample of Chinese population. The populations involved in these studies were living in underdeveloped rural areas of China and were relatively poor compared with the general Chinese population; thus, their dietary patterns differed significantly from those of the populations in the Western countries. Compared with the general Chinese population, these study populations had a relatively All results are controlled for baseline characteristics including age, gender, race, treatment, study site, education, income and blood pressure; and for 6-month covariates of body weight, waist circumference, physical activity level, intakes of calcium, potassium, fibre and alcohol, urinary creatinine and sodium excretion. All dietary intake variables are either as per cent of calories (protein and fat intake), g or mg per 1000 kcal per day (alcohol, fibre, calcium and potassium) or serving per day (in model 3). b OR and its 95% CI are for increment of one unit change in each corresponding predictor while fixing the remaining predictors at a constant.
The relationship between dietary protein intake and blood pressure YF Wang et al lower intake of total protein, averaging 11% of total energy intake according to the 1992 China National Nutrition Survey; 32 thus intake of animal protein is likely to be even lower as compared with the US population. 33 In addition, the socio-economic factors that might affect BP were not considered in these analyses. In the present study, the study population had relatively moderate intake of total protein (15.8%) and animal protein (10.7%). Even though the meat consumption decreased from baseline to 6 and 18 months, consumption of dairy, poultry and seafood increased and thus contributed to the small increase in animal protein at both time points.
In addition, the type of animal protein consumed by the various study populations in previous studies may also differ in other nutritional components that may complicate the examination of their impact on BP. For example, even though both fish and meats are rich sources of animal protein, the former is rich in omega 3 fatty acids, which may benefit BP control, whereas the latter is usually rich in saturated fat that may have a negative impact on BP control. 34 Similarly, dairy products are rich in animal protein and calcium and can be high in saturated fat; each of these components may impact BP differently.
Although dietary fibre has been suggested to benefit BP control, 35 intake of dietary fibre was not significantly associated with presence of hypertension at 6 months in the present study. However, adding fibre into the analysis model weakened the association between plant protein and BP. We also found that intake of fruits and vegetables, the major sources of fibre, was inversely associated with BP at 6 months. Our findings were consistent with many previous studies that suggested that fibre-rich food, such as fruits and vegetables, may exert a protective effect in the cardiovascular system by lowering BP. Potential mechanisms of the BP-lowering effect of fibre may include enhancing insulin sensitivity and improving vascular endothelial function, 36 and improving magnesium absorption in the gastrointestinal system, which then indirectly benefits BP control. 37, 38 Thus increasing fibre intake in Western populations, where current US intake is far below recommended levels, may help prevent and control hypertension. 14, 30, 35, 39 Even though fruit and vegetable intake and plant protein intake each had a significant association with BP in our results, the potential mechanisms for their influence on BP may differ. The benefit of fruit and vegetable intake on BP may be related to their high contents of antioxidant vitamins, potassium or magnesium. Plant protein, on the other hand, may affect BP via mechanisms related to amino acid composition such as content of the vasodilator arginine, as mentioned previously, or through other unidentified factors. Although fruits and vegetables also provide plant protein, the contribution is far less than that from grains. According to a report analysing the National Health and Nutrition Examination Surveys III data, 40 grains contributed 54% of total plant protein intake whereas fruits and vegetables combined contributed 29.5%. Legumes, nuts and seeds also contributed about 12% to the total plant protein intake. In this study, the increases in plant protein occurred mainly through increased consumption of whole grains, vegetables and fruits. On average, approximately 33-36% of the daily total protein intake was from plant sources. The contributions of refined grains, whole grains, vegetables, fruits, nuts/seeds and legumes (such as soy products) to the total plant protein intakes were approximately 29-41, 12-14, 18-26, 6-15, 3-6 and 0.3-4%, respectively.
The loss of statistical significance in multivariable regression analyses when additional nutrients were entered into the regression models (such as fibre added in model 2 of Table 5 ) is consistent with colinearity, that is, nutrients are often interrelated in the diet of free-living persons. Similar findings have been reported in numerous studies of nutrition and BP. 41 In the setting of observational studies, it is often difficult to attribute biological effects to individual nutrients or foods. However, at least for protein, prospective clinical trials indicate that increased plant protein intake can help lower BP. 14 In this study, the total intake of plant protein was only 4.9% of total calories at baseline, and it increased by 0.4 (% of calories) at 6 and 18 months of follow-up with relatively small variation. This might have minimized the true association between BP and protein intake over the study period. The other limitation of this study includes using only the two 24-h diet recalls to assess dietary intake at each time point, which might not have reflected usual dietary intake of the study participants. However, collecting more than two recalls per time point in such a large-scale clinical trial is not practical and often not feasible. Furthermore, the large sample size should minimize the effect of variation due to occasional capture of non-usual dietary intake.
Overall, the PREMIER participants made dietary changes that were consistent with the current recommendations for BP control. 42 These changes included reducing fats and meats, and increasing fruits, vegetables and dairy products, which then resulted in lowered intakes of total fat, saturated fat, sodium and increased intakes of dietary fibre, calcium and potassium. In addition, these participants increased physical activity levels and reduced body weight.
Amid all the dietary changes, plant protein intake was related to BP quite consistently. A higher intake of plant protein was associated with lower BP in most but not all of our analyses. Neither total nor animal protein was associated with BP. Our results confirm other studies showing that regular consumption of fruits and vegetables, nuts/seeds, whole grains and soy products is likely to benefit BP. Although the exact mechanism by which plant protein affects BP is uncertain, there exist several viable hypotheses. Increasing plant protein sources is consistent with the current guideline of adopting an eating pattern like DASH for BP management. 43 Further research is needed to confirm the association and to elucidate the exact mechanisms. 1 K Cross-sectional studies conducted in rural Japanese 5, 6 and Chinese 7, 8 populations only found an inverse relationship between animal protein and blood pressure. However, cohort studies 9, 10 conducted in the United States have shown an inverse association between baseline intakes of plant protein, but not animal protein, and annual change in systolic blood pressure. K It is unclear if plant and animal proteins have similar impact on blood pressure.
What this study adds K This study of secondary data analysis found that a higher intake of plant protein, not total and animal protein, was associated with lower blood pressure. K This study finding suggests that increasing plant protein may benefit blood pressure control.
